We study the rectification of current through a single molecule with an intrinsic spatial asymmetry. The molecule contains a cobaltocene moiety in order to take advantage of its relatively localized and high-energy d states. A rectifier with large voltage range, high current, and low threshold can be realized. The evolution of molecular orbitals under both forward and reverse biases is captured in a self-consistent nonequilibrium Green function plus density functional theory description. Our calculations demonstrate the plausibility of making excellent molecular diodes by using metallocenes, pointing to a fruitful class of molecules. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2141955͔
The rapidly growing area of molecular electronics 1 is based on the wide variety of functionality obtained by placing different molecules between conducting electrodes: two terminal switches, 2-4 rectifiers, [5] [6] [7] and three terminal transistors [8] [9] [10] have all been studied intensively. Rectification is a particularly simple functionality, but one which is key because of the prototypical nonlinear I-V curve which results. Here we show that the use of organometallic molecules, in particular, one based on the cobaltocene moiety, leads to excellent rectification properties.
The essential ingredient for rectification is a strong asymmetry in the structure so that forward and reverse bias are physically different. Four scenarios for molecular rectification have been proposed.
First, the classic donor-bridge-acceptor ͑DBA͒ model was proposed by Aviram and Ratner in 1974 . 11 The asymmetry here is that electron hopping is more favorable from A to D than vice versa because making a transition from the excited D + BA − to the ground D 0 BA 0 state is easier. Note that rectification of the DBA type requires strong inelastic scattering in order to produce hopping. 12, 13 Second, a conformational molecular diode has been proposed recently. 14, 15 Rectification in this type of diode relies on the molecule's orientation and displacement responding asymmetrically to the interelectrode applied field.
Third, rectifiers can be made through an asymmetry in electrode materials. The silicon-molecule-metal junction 7 is an example; the alignment of discrete molecular orbitals with either the conduction band or valence band of the silicon substrate is the key feature.
Fourth, an asymmetric potential drop, either at the molecule-lead contacts 6 or along the molecule, 5,16 may cause rectification. The latter may be achieved by making one end of the molecule much more resistive than the other.
In this paper we consider this fourth mechanism of rectification in the following general scenario. Consider a resonant level which provides a link between a left and right lead. Without the loss of generality, we take the energy of the level to be slightly above the equilibrium chemical potential. Suppose furthermore that the level is much more strongly coupled to the right lead than to the left. When a voltage is applied, the resonant level will track the chemical potential of the right lead, while most of the voltage will drop between the left lead and the resonant level. A forward bias will thus cause the resonant level to move into the energy window between the two lead chemical potentials, leading to current flow from left to right. In contrast, under reverse bias, the resonant level will always be higher in energy than both chemical potentials, blocking current flow. Thus rectification is achieved. This mechanism is related to phenomena in semiconductor double-barrier quantum dots. 17, 18 The potential drop in molecules can be highly nonuniform due to the characteristics of different chemical bonds. A covalent bond is much more localized than a conjugated bond, leading to higher resistance. If both types of bonds are present, the potential will drop mainly at the localized bonds. If an asymmetric molecule's conjugated segment is linked with the right electrode and its part to the left, the molecular states of the segment will tend to stay aligned with the chemical potential of the right lead, as in the general scenario above. A nonlinear potential drop induced by an intrinsic asymmetry in the molecule will cause rectification.
We argue that organometallics are a fruitful class of molecules in which to look for good rectifiers. 19-22 Here we study a molecule which incorporates a cobaltocene moiety ͑cyclopentadienylcobalt͒ as the conducting center and uses a four carbon alkane chain on one side to take the voltage drop. The molecule, which we refer to as Co-4C, is shown in Fig. 1 connected to gold electrodes via S atoms. The main role of the cobaltocene is to introduce a molecular level close to ͑but just above͒ the chemical potential of the leads so that conduction starts under low forward bias. We find that this situation has unusually good rectification properties.
Our method for calculating electron transport is firstprinciples density-functional theory combined with the nonequilibrium Green function technique. [23] [24] [25] [26] [27] The current is determined self-consistently with the computer programs we have developed. 27 We use the SIESTA package to obtain the electronic structure; 28 double-zeta plus polarization basis sets ͑DZP͒ and optimized Troullier-Martins pseudopotentials 29 are used for all calculations. The Perdew-Burke-Ernzerhof ͑PBE͒ version of the generalized gradient approximation ͑GGA͒ functional 30 is adopted for exchange-correlation ͑see Ref. 27 for computational details͒. The atomic configuration of Co-4C, including the two thiol ͑S-H͒ bonds, is optimized and then sandwiched between two semi-infinite 4 ϫ 4 Å 2 gold nanowires with sharp apexes. The structure of the nanowires is fixed to be that of bulk gold with Au-Au length 2.89 Å. In the S-Au bonds, the S atom is located on top of the apex Au atom; the bond length is optimized to 2.3 Å.
The effectiveness of rectification in the asymmetricpotential-drop scenario depends on several factors.
͑1͒
The degree of asymmetry. One route to finding a good rectifier, which was taken in Ref. 16 , is to maximize factor ͑3͒; this leads to a large rectification ratio but low current. An alternative is to optimize factor ͑1͒ so that a larger operating bias window and current may be achieved. We start, however, by focusing on factor ͑2͒ in order to achieve low bias operation.
The HOMO-LUMO gap ͑the gap between the "highest occupied molecular orbital" and the "lowest unoccupied molecular orbital"͒ of typical organic molecules investigated so far is of order 1 eV. 22, 31, 32 Organometallic molecules incorporating metal atoms into an all organic body have much smaller HOMO-LUMO gaps because the d states of the metal atom are higher in energy than the -bonding orbitals in the conjugated system. 33 Thus, when an organometallic molecule is attached to leads, it is likely that a molecular level will lie close to the chemical potential. This suggests that organometallic molecules should lead to good rectification through optimization of factor ͑2͒ above.
To test this idea quantitatively, we have calculated the I-V characteristics of the Co-4C molecule, shown in Fig. 1 . Within the voltage window ͓−2 V, 2 V͔, when the diode is forward biased ͑positive voltage applied͒, we see an essentially continuously increasing current, while under reverse bias ͑negative voltage applied͒ the current remains small until a voltage threshold of −1 V is reached. The rectification ratio ͑forward current divided by reverse current for same voltage magnitude͒ easily reaches 10 for small bias, 0.5 V, and this ratio increases steadily up to about 1 V.
Insight about the mechanism behind this I-V curve can be gained from studying the projected density of states ͑PDOS͒ in Fig. 2 . Because we apply ±V / 2 to the two leads, the upper and lower triangles outlined by the dashed lines are the forward and reverse bias windows, respectively; the states inside these bias windows contribute to conduction. Clearly the states causing features labeled "A" and "B" are key. To discover their identity, we plot a surface of constant local density of states for each case in Fig. 3 . Feature A is a level localized at the left sulfur anchoring group. In contrast, feature B is localized at the cobaltocene moiety. It corresponds to the partly occupied e 1g * antibonding orbital of cobaltocene-recall that the electronic configuration of the highest lying levels in cobaltocene is ͑a 1g Ј ͒ 2 ͑e 1g * † ͒ 1 ͑with occupation number in the upper-right corner͒. 33 We confirm this identification by comparing the symmetries of feature B with several high-lying orbitals of isolated cobaltocene. Figure   FIG. 1. I-V Fig. 3͑b͒ is derived from e 1g * . Furthermore, the electron affinity of the e lg * orbital is close to the work function of the leads, thus making it easily oxidized, which is what is seen happening in our calculation. The finite tail of the e lg * state contributes to the finite slope at zero bias in the I-V curve.
We read off from Fig. 2 how states A and B change under bias. State A follows the chemical potential of the left lead ͑line with positive slope in Fig. 2͒ , which is natural since it is localized around the left S atom. It enters the forward bias window at around 0.6 V. At this point, the potential difference between state A and the left electrode increases. The left S atom loses charge when its potential becomes higher than that of the right lead, causing the potential of the sulfur to drop and so resulting in a larger potential difference between the sulfur and the left lead. This can be clearly seen by comparing the voltage drop in the two cases shown in Fig. 4 . The potential difference between the left S and the left lead is considerably smaller for −1 V bias than for 1 V.
State B is just above the chemical potential at zero bias. Under reverse bias, state B generally follows the chemical potential of the right lead ͑line with negative slope in Fig. 2͒ . There is no voltage drop between the cobaltocene moiety and the right lead as there is no spacer on the right side of the molecule. Under forward bias, state B moves into the conducting window; as it does, the self-consistent charge distribution changes, causing the energy of the state to become largely independent of bias voltage. Once state B is filled, it provides a tunneling channel, through which electrons travel across the alkane chain easily, therefore, explains finite current at low bias at around 0.1 V; When state A comes into the bias window, the current undergoes a sharp increase starting around 0.4 V, which implies another conducting channel formed by A state.
The potential profile under reverse bias, Fig. 4͑a͒ , shows, as expected, little variation from the right-hand lead to the cobaltocene moiety followed by a sharp drop over the alkane chain. Note the wide bump in potential transverse to the molecule on the right-hand side: charge is transfered from the right lead to the S and cobaltocene because of the applied potential ͓Fig. 4͑b͔͒. The ͑filled͒ nonbonding orbital of cobaltocene enters into the reverse bias window at around −1 V, determining the voltage threshold of reverse current.
In contrast, the potential drops much more uniformly under forward bias, Fig. 4͑c͒ . In fact, in this regime the B state does not follow either lead. Charge accumulation occurs along the alkane chain ͓Fig. 4͑d͔͒ which raises the potential along the chain so that the potential drop is nearly linear.
The good characteristics that we find here for the Co-4C molecule depend on having the resonance associated with the e 1g * state of the cobaltocene close to the zero-bias chemical potential. This happens because the d states of the cobaltocene moiety are quite dense and localized. However, there are two potential problems with our calculation of their alignment with respect to the chemical potential of the leads. First, one should realize that orbital energies coming from DFT calculations in the GGA approximation may not be accurate in detail. However, since we have established that the molecular level causing rectification here derives from the cobaltocene level which is experimentally known to be easily oxidized, the qualitative features that we find here are on solid footing. Second, the alignment of the cobaltocene levels with the lead could be indirectly affected by the dipole moments formed between the sulfur atoms and the lead surfaces. In the latter case, the detailed atomic structure of the contacts may change the alignment. [34] [35] [36] [37] While we expect the side of the molecule with the alkane chain to be rather insensitive to contact structure, the direct connection of the cobaltocene to the lead may produce some sensitivity. Both of these potential problems can be greatly ameliorated by adding a gate terminal, [20] [21] [22] allowing one to tune the energy of the molecular levels with respect to the lead chemical potential. In the most advantageous case, the oxidation state of the cobaltocene moiety may be able to be changed so as to turn on and off the forward bias current.
We have, thus, designed an effective organometallic rectifier-one which works at low bias and exhibits high current-by optimizing several factors in the asymmetricvoltage-drop mechanism. Previously, 5, 16 insulating spacers were used on both sides of the molecule to sharpen the resonance peak so as to yield a high rectification ratio; the use of long alkane chains, however, causes a small current. In our example, by inserting a spacer only on one side of the molecule, conducting channels are able to closely follow the chemical potential of the leads. The result is a good rectification ratio, about 10, at an applied voltage of only 0.5 V. This points toward metallocenes being a fruitful class of molecules among which to look for good rectifiers.
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